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T e s t s  were conducted on a h a l f - s c a l e  model r e p r e s e n t i n g  a 0.914-m ( 3 - f t )  
square stream tube  o f  t h e  f low through t h e  f o u r t h  c o r n e r  and settling chamber o f  
t h e  Langley 8-Foot T ranson ic  P r e s s u r e  Tunnel. The model inc luded  t h e  f inned-  
t u b e  cooler, 450 t u r n i n g  vanes ,  and t h e  t u r b u l e n c e  r e d u c t i o n  s c r e e n s  and honey- 
comb, which were t h e  s u b j e c t  o f  t h e  tests. HGt-Wire  measurements o f  tne 
tu rbu lence  r e d u c t i o n  f o r  v a r i o u s  combina t ions  of s c r e e n s  and honeycomb were made 
a t  v a r i m s  d u c t  speeds .  

Of t h e  four  s i z e s  o f  honeycomb cells tested, none were found to have a 
s u p e r i o r  performance advantage.  The e f f e c t i v e n e s s  o f  s c r e e n s  and honeycomb i n  
:educing t u r b u l e n c e  is g r e a t l y  a f f e c t e d  by r e l a t i v e l y  minor p h y s i c a l  damage; 
t h e r e f o r e ,  ex t reme care must be e x e r c i s e d  i n  i n s t a l l i n g  and m a i n t a i n i n g  honey- 
c o n i  or s c r e e n s  i f  t h e  t u r b u l e n c e  r e d u c t i o n  performance is to be mainta ined .  

INTRODUCTION 

'The i n c r e a s i n g  cost o f  a i r c r a f t  f u e l  m a k e s  it h i g h l y  desirable f o r  f u t u r e  
a i r c r a f t  to be more energy  e f f i c i e n t .  One approach to  ach iev ing  t h i s  g o a l  is to  
dec rease  a i r c r a f t  d rag .  A major advance i n  d e c r e a s i n g  d rag  would be o b t a i n e d  by 
ma in ta in ing  laminar  f low over  t h e  r e l a t i v e l y  l a r g e  wing and t a i l  s u r f a c e s .  (See 
r e f .  1 .) I n  order to conduct  laminar-f low r e s e a r c h ,  a v e r y  l o w  t u r b u l e n c e  wind 
t u n n e l  m u s t  be used. A s tudy  of  a number o f  a v a i l a b l e  wind-tunnel  and f l i g h t  
test d a t a  was conducted to cons ide r  f a c t o r s  such as t u n n e l  n o i s e ,  Reynolds num- 
b e r ,  and t u r b u l e n c e  l e v e l  i n  f l i g h t  (e .q . ,  see r e f .  2 ) .  T h i s  s t u d y  conc l Jded  
t h a t  t he  Langley E-Foot Transon ic  P r e s s u r e  Tunnel  (TFT) was most s u i t a b l e  for 
conduct ing  t h e  laminar-f low expe r imen t s  a t  h igh  s u b s o n i c  speeds .  

Measurements i n  t h e  8-Foot TFT ( r e f s .  3 ,  4 ,  and 5 )  i n d i c a t e d  t h a t  t h e  f low 
d i s t u r b a n c e s  were r e l a t i v e l y  low f o r  2 t u n n e l  w i th  no  t u r b u l e n c e  r e d u c t i o n  
dev ices ;  however, t h e  t u n n e l  r e q u i r e d  m o d i f i c a t i o n s  to reduce t h e  t e s t - s e c t i o n  
tu rbu lence  to even lower l e v e l s  to permi t  laminar-f low tests. S c r e e n s  and 
honeycombs have been used e x t e n s i v e l y  i n  other t u n n e l s  as flow s t r a i g h t e n e r s  and 
f o r  t u r b u l e n c e  r educ t ion .  In t roduc ing  t h e s e  f low man ipu la to r s  i n t o  t h e  f low 
s t r eam i n c r e a s e s  t h e  req i i i red  power because o f  t h e  a d d i t i o n a l  f low r e s i s t a n c e  
( p r e s s u r e  drop)  i n  noving t h e  f l u i d  through t h e  man ipu la to r s .  S i n c e  t h e  p r e s s u r e  
loss is p r o p o r t i o n a l  to t h e  mean speed of t h e  f l u i d  f low,  t h e  man ipu la to r s  a r e  
g e n e r a l l y  i n s t a l l e d  i n  t h e  low-speed p o r t i o n  o f  t h e  wi-nd t u n n e l ,  downstream o f  
t h e  l as t  major t u r b u l e n c e  g e n e r a t o r s  ahead of  t h e  test s e c t i o n .  I n  t h e  8-Foot 
TPT, t h i s  is t h e  s e c t i o n  between t h e  cooler and t h e  c o n t r a c t i o n  ( f i g .  1 )  , 
whete t h e r e  seems to be adequate  l e n g t h  f o r  s e v e r a l  t u r b u l e n c e  r e d u c t i o n  d e v i c e s .  
Because of t h e  s c a r c i t y  o f  l i t e r a t u r e  a p p l i c a b l e  to  t h e  8 - foc t  t u n n e l ,  a h a l f -  
s c a l e  mod.1 of  a s t r e a m  t u b e  of t h e  t u n n e l ,  w i thou t  t h e  c o n t r a c t i o n ,  was f a b r i -  
cated ( f i g .  2 )  f o r  tests to e v a l u a t e  t h e  e f f e c t i v e n e s s  o f  v a r i o u s  d e v i c e s .  



Screens of six different mesh sizes and honeycomb of four different cell 
sizes were evaluated. Various combinations of these manipulators were tested to 
determine their effectiveness in reducing the turbulence Levels. Conventional 
hot-wire probes were used to measure the axial and lateral turbulence. Acoustic 
microphones were used to monitor the operational noise generated in the model 
duct. The test speed varied between 7.62 and 18.29 m/sec (25 and 60 ft/sec) . 
Over 250 configurations were examined; however, only a small portion of the data 
are presented. 
The selection of a configuration for incorporation into the 8-Foot TPT is not 
discussed herein but is presented in reference 6. Additional data concerning 
correlation of experiment with theory are presented in reference 7. It is impor- 
tant to keep in mind that the conclusions presented are applicable primarily to 
the Langley 8-Foot Transonic Pressure Tunnel with its unusual configuration of 
finned-tube cooler and turning vanes. 

A few important experiences and conclusions are also presented. 

Identification of commercial products in this report is used to adequately 
describe the model. The identification of these commercial products does not 
constitute official endorsement, expressed or implied, of such products or manu- 
facturers by the National Aeronautics and Space Administration. 

SYMBOLS 

d diameter of cooler tcbe, cm (in.) 

e' rms voltage divided by mean (dc) voltage x 100, percent 

E mean ( d c )  volts, V 

f Strouhal shedding frequency, Hz 

e model duct length (10.5 m (34.5 ft)) 

Ljk hot-wire calibration constants (see eqs. (3) in appendix) 

m fluid mass-flow rate, kg/s 

P pitch angle of fluid flow sensor (see fig. 7 ) ,  deg 

Si,Sij 

St Strouhal number used in table I11 

hot-wire calibration constants (see appendix) 

U' rms axial velocity fluctuations, nondimensionalized by dividing by 
mean flow velocity and multiplying by ;OO, percent 

U free-stream velocity, m/sec (ft/sec) 

V' rms lateral velocity fluctuation, nondimensionalized by dividing by 
mean flow velocity and multiplying by 100, percent 

Y yaw angle of fluid flow sensor (see fig. 7), deg 
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U standard deviation of hot-wire data 

e angle of fluid rlow with respect to normal to axis of hot-wire probe 
(see appendix) , rad 

Subscripts: 

i denotes component of turbulence; 1 for u', 2 for v' 

j 2 or 3 denotes one wire of cross-wire probe 

k 1 denotes slope of equations ( 3 ) ;  2 denotes intercept of equations ( 3 )  

NOM nominal value 

ref reference value 

Abbreviations: 

1/16 HC, 1/8 HC, 1/4 HC, etc. designate various sizes of honeycomb cell used (see 
table 11) 

8M, 20M, 28M, etc. designate various sizes of screen mesh used (see 
table 11) 

r ms root mean square 

DISCUSSION OF APPARATUS AND TECHNIQUES 

Mode 1 

A diawing of the Langley 8-Foot Transonic Pressure Tunnel is shown in fig- 
ure i. To decrease the turbulence in the tunnel test section, turbulence manip- 
ulators could be inserted between the turning vanes (downstream of the cooler) 
and the contraction sections. As seen in the figure, the limited available axial 
lengths on the inside portion of the turn posed a major problem for insertion of 
the manipulators. To evaluate the effectiveness of various manipulatcrs, a half- 
scale model was fabricated of a stream tube through the center of the corner and 
the settling chamber where the manipulators could be inserted. A contraction 
was not included. The scale of the model was dictated by two factors. The 
first was the availability of existing duct components and drive system. (See 
ref. 6 . )  The second was the availability of reduced-size finned tubes to repre- 
sent the cooler. These two factors favored a half-scale model. A dimensional 
comparison of the actual end scale-model coolers is presented in table I. The 
available ducting had a cross section 46.36  cm ( 1 8 . 2 5  in.) square. Therefore, 
sufficient cooler tubes and turning vanes were fabricated to fill the model test 
sec t ion. 

Eight staggered rows of half-scale cooling tubes were used to duplicate the 
finned-tube cooler of the full-scale tunnel. Since most of the manipulator con- 
figurations evaluated had the manipulators installed normal to the flow, the 
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distance between the turning vane and the first manipulator varied across the 
duct section, as seen in figure 1 .  Therefore, spacers for the half-scale model 
were fabricated to simulate the full-scale tunnel centerline and a section 4.57 m 
(15 ft) on either side of the centerline. Time limitations permitted the testing 
of the centerline configuration only. A sketch of the half-scale test model is 
shown in figure 2. Photographs of the test model and the upstream portion of 
the cooling tubes are shown in figures 3(a) and 3(b) ,  respectively. 

From figure 1, it can be seen that the first 450  of the turning occur 
through the cooler and the second 45O occur through the turning vanes (45O turn- 
ing vanes). After some discussion, it was concluded that, because of the rela- 
tively high pressure loss across the cooler, there was probably more air passing 
through the outer radius of the turn of the cooler than through the inner radius. 
Further, the air ectering the cooler probably varies across the duct section. 
Therefore, the model simulation of this portion of the duct (actual tunnel cen- 
terline) should aid the fluid in turning into the cooler. This fairing is shown 
sketched in figure 2. 

The dimensions of the screens chosen for evaluation are presented in 
table 11. The various mesh sizes were chosen to cover a wide range. A major 
consideration was the screen percent open area which must be kept subrritical 
(ref. 91,  at least 58 percent open. 

The screens were permanently mounted in square frames, with a frame thick- 
ness equal to between 80 and 100 screen mesh sizes. The data in reference 10 
indicate that almost all of the turbulence decay occurs within 50 to 75 screen 
mesh sizes downstream of the screen. Therefore, whenever muitiple screens were 
being evaluated, the corresponding frame thickness provided assurance that tur- 
bulence was adequately decayed before the air encountered the next manipulator. 

The honeycomb character istics chosen for evaluation are also presented in 
table 11. These configurations were chosen based on information in reference 10 
and on personal consultation with one of the authors, Dr. Hassan M. Nagib. The 
honeycomb material was aluminum or stainless steel. One primary criterion was 
that the honeycomb cell length-to-cell-size ratio be between 6 and 8 .  

In general, the honeycomb was installed in the duct at the farthest upstream 
position of the manipulator section and the first following screen was positioned 
0.3 m t1 ft) dowcstream of the downstream end of the honeycomb. (See fig. 2 . )  
(Exceptions occur when evaluating the 45O honeycomb or when the screen is in 
direct contact with the honeycomb, then this honeycomb-screen combination is 
installed in the farthest upstream position.) The turbulence decay data in 
reference 10 indicate almost complete decay within 23 to 25 cm (9 to 10 in.) 
downstream of the simulated honeycomb, made of soda straws. This distance COC- 
responds to about 50 soda-straw diameters or between 1 to 10 cell-depth dimen- 
sions. For the tests herein, the 0.3-m (1-ft) spacing corresponds to 32 
to 200 cell diameters or 4.5 to 28 ceil-depth dimensions, respectively, for the 
3/8- to 1/16-cell size honeycomb. Therefore, except for the noted exceptions, 
the data presented herein for the honeycomb-screen combinations indicate that 
the turbulence from the apstream honeycomb is almost completely decayed before 
enc0unterir.g the first screen. 
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I n s t r u m e n t a t i o n  and Data Reduct ion  

The i n s t r u n e n t a t i o n  sys tem used v a r i e d  d u r i n g  t h e  test program. Both s t a t i c  
(mean velocities and p r e s s u r e )  and dynamic f l a w  measurements were made. Two, 
d u p l i c a t e  p i t o t - t u b e  sys tems were i n s t a l l e d  a t  t h e  f a r t h e s t  downstream instrunen- 
t a t i o n  cross s e c t i o n  o f  t he  model. (See f i g .  2 ( b ) . )  These s e n s o r s  were oon- 
nected to l o n g  sections of p r e s s u r e  t u b i n g  (over 3 m (10 f t )  l o n g )  which were i n  
t u r n  connec ted  to  p r e s s u r e  t r a n s d u c e r s  and d i g i t a l  v o l t m e t e r s .  
used to  measure the duct v e l o c i t y ,  which was t h e  r e f e r e n c e  v e l o c i t y ,  and w a s  n o t  
changed d u r i n g  the  e n t i r e  test. 
p r e s s u r e  t a p e s  a long  t h e  wall were used to  measure t h e  f l aw  c h a r a c t e r i s t i c s  o f  
t h e  duc t  between the t u r n i n g  vane and the  i n s t r u n e n t a t i o n  s e c t i o n .  T h i s  s u r v e y  
was conducted u s i n g  a cross rake connected  to three e l e c t r i c a l l y  actuated pres- 
s u r e  scann ing  valves w i t h  p r e s s u r e  t r a n s d u c e r s .  

T h i s  sys tem was 

I n i t i a l l y ,  a total p r e s s u r e  rake and s ta t ic -  

An a c c e l e r a u e t e r  w a s  used d u r i n g  v a r i c u s  portions of t he  test. T h i s  s e n s o r  
was used to  detect duct -wal l  and hot -wire  s u p p o r t  system v i b r a t i o n s  to  assure 
t h a t  the hot-wire o u t p u t  d i d  o r i g i n a t e  fran f l u i d  t u r b u l e n c e  rather t h a n  s u p p o r t  
v i b r a t i o n s .  

Three c h a n n e l s  of t h e  hot-wire e l e c t r o n i c  sys tem were manufactured by DISA 
E l e c t r o n i c s ,  d i v i s i o n  of DISAWiTIC, Inc .  (DISA) and  two c h a n n e l s  by TSI Incorpo- 
r a t e d  ( S I ) .  Ekcept f o r  t h e  i n i t i a l  p r e l i m i n a r y  t e s t i n g ,  t h e  ho t  wires had 
f i x e d  l o c a t i o n s  d u r i n g  the  test. One of the DISA hot-wire c h a n n e l s  was used for 
a o n e w i r e  probe  and t h e  other two channe l s  were used f o r  a cross- or x-wire 
probe. Wi th  o n l y  o n e  e x c e p t i o n ,  the s i n g l e w i r e  probe was 2.54 cm (1.00 i n . )  
off t h e  d u c t  c e n t e r l i n e  and t h e  cross-wire probe was 2.54 cm (1 .00 i n . )  o f f  t h e  
o e n t e r i i n e  in the opposite d i r e c t i o n  ( t h u s ,  t h e  two s e n s o r s  were 5.10 cm 
(2 .00  i n . )  a p a r t ) .  These three wires were ais0 l o c a t e d  i n  a p l a n e  t h a t  was 30 cm 
(12  in . )  downstream of the l a s t  man ipu la to r  and approx ima te ly  53 cm (21 i n . )  
upstream of t h e  p i t o t  tubes. (See f i g .  2 ( b ) . )  

The TSI hot-wire e l e c t r o n i c s  c h a n n e l s  were used for s i n g l e  wires only.  I n  
g e n e r a l ,  these two hot wires had f i x e d  l o c a t i o n s  d u r i n g  t h e  t e s t i n g .  They were  
located i n  t h e  duct approx ima te ly  12.70 cm (5 .00 i n . )  f r a u  the  wall. One wire 
was i n  a p lane  approximate ly  1.58 m (5 .19  E t )  downstream of the  c e n t e r  of a l i n e  
through t h e  t r a i l i n g  edge of t h e  t u r n i n g  vanes.  The second wire was approxi -  
mate ly  2.55 m (8.36 f t )  downstream of t h e  Same c e n t e r l i n e  p o i n t .  These two 
s e p a r a t e  w i r e s  were both upstream of t h e  m a n i p u l a t o r s  and were t h u s  used to 
assure t h a t  t h e  t u r b u l e n c e  go ing  i n t o  t h e  m a n i p u l a t o r s  had a r e l a t i v e l y  c o n s t a n t  
value.  A schematic diagram of the hot-wire i n s t r u m e n t a t i o n  sys tem is shown i n  
f i g u r ?  4. 

T m ,  s t a n d a r d ,  h a l f - i n c h  condenser microphone sys t ems  were used d u r i n g  t h e  
e n t i r e  t e s t i n g .  B o t h  of t h e s e  sys tems had microphones f l u s h  mounted i n  t h e  w a l l  
of the duct  and i s o l a t e d  f r a n  wall v i b r a t i o n s .  One microphone was mounted 
approximate ly  0.41 m ( 1 . 3  f t )  downstream of t h e  c e n t e r  of t h e  l i n e  th rough  t h e  
t r a i l i n g  edge of the t u r n i n g  vanes,  and the o t h e r  microphone was i n  t h e  p l a n e  of 
t k  p i t o t  tubes,  nea r  the downstream end of t h e  i n s t r u m e n t a t i o n  s e c t i o n .  These  
microphones were used t o  detect any a m u s t i c  waves t r a v e l i n g  up o r  down t h e  duct .  
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Such a c o u s t i c  waves w u l d  be detected i n  t h e  o u t p u t  of the ho t  wires and a u l d  
be m i s i n t e r p r e t e d  as t u r b u l e n c e .  

A l l  bt-wire and acoustic data were recorded on  a f r equency  modulated (FM) 
tape r e c o r d e r .  The d i g i t a l  v o l b u e t e r  used to  measure  t h e  o u t p u t  fran the pi tot  
gages were manual ly  read and reoorded .  The hot-wire m l t s g e s  were moni tored  o n  
an  oscilloscqe, and t h e  o u t p u t  v o l t a g e s  were manual ly  read and recorded before 
r eoord ing  o n  t h e  tape reco rde r .  
used and, f o r  canpleteness, t h e y  are p r e s e n t e d  i n  t h e  appendix.  

S t a n d a r d  hot-wire data r e d u c t i o n  e q u a t i o n s  were 

Assessment and Developaent  of Apparatus and Test P rocedures  

The program developed as it p rogres sed ,  main ly  because of numerous d i f f i -  
c u l t i e s  t h a t  were enoouqtered  i n  o b t a i n i n g  v a l i d  results. These  problems 
i n f l u e n c e  t h e  results of t h e  i n v e s t i g a t i o n  and may be of i n t e r e s t  t o  subsequen t  
i nves t iga t io r r s .  Hence t h e y  a re  d i s c u s s e d  i n  same detai l  he re in .  

Mode: t u n n e l  f low survey.-  S i n c e  t h e  h a l f - s c a l e  t u n n e l  model r e p r e s e n t s  a 
mall ,  c r c s s - s e c t i o n a l  s t ream-tube area o f  the f u l l - s c a l e  t u n n e l ,  t h e r e  was s a n e  
ooncern a t n u t  p o s s i b l e  e f f e c t s  of t h e  boundary-layer  " b u i l d  up" o n  t h e  walls of 
t h e  model. R e c a l l  that  t h e  cross s e c t i o n  of t he  m o d e l  t u n n e l  was 46.36 an 
(?6.25 i n . )  s q u a r e ,  and t h e  d i s t a n c e  between t h e  4 5 O  t u r n i n g  vanes and t h e  f i r s t  

m a n i p l a t o r  is approx ima te ly  3.1 m (10.0 f t ) .  I n  response to  t h i s  concern ,  a 
survey of t h e  mean flow v e l o c i t y  w a s  oonducted i n  t h e  model t u n n e l  u s ing  a pitot- 
t u b e  rake.  A p o r t i o n  of the rake s u r v e y  da ta  r e s u l t s  are shown i n  f i g u r e s  5 
and 6. PLesented i n  f i g u r e  5 a r e  t h e  r e su l t s  of a v e r t i c a l  and l a t e ra l  survey 
a t  a positim 0.42 m ( i . 4 2  f t )  downstream of the  c e n t e r l i n e  of the  t r a i l i n g  edge 
of the 45O t u i z i n g  vanes.  The v a r i o u s  r e f e r e n c e  speeds were de termined  by 
t h e  r e f e r e n c e  p i t o t  t u c e .  (See f i g .  2 ( b ) . )  The v e r t i c a l  v e l o c i t y  d i s t r l : . - . ; v  
( f i g .  5 ( a ) )  seems to be f a i r l y  uniform, e s p e c i a l l y  a t  t h e  h ighe r  mean speeds 

where t h e  accuracy  c f  t h e  i n s t r u i n e n t a t i o n  is  g r e a t e r .  Sane of  the  scatter i n  t h e  
d a t a  is due  to d i f f i c u l t i e s  i n  making a c c u r a t e  p r e s s u r e  measurements a t  t h e  low 
speeds .  The l a t e r a l  v e i o c i t y  d i s t r i b u t i o n  ( f i g .  5 ( b ) )  seems to  have abou t  Lhe 
same v a r i a t i o n  as t h e  v e r t i c a l  d i s t r i b u t i o n  su rvey .  Xn t h e  r i g h t  s i d e  of f i g -  
ure 5 ( b ) ,  t h e  h o r i z o n t a l  l o c a t i o n  of  t h e  t r a i l i n g  edge  of t h e  45O t u r n i n g  vanes  
is  marked by arrows.  A t  s a n e  of t h e  mean d u c t  speeds, t h e  v e l o c i t y  v a r i a t i o n s  
i n d i c a t e  t h e  vane w a k e s ,  which seem to a x r e l a t e  w i t h  t h e  v a n e t r a i l i n g - e d g e  
l o c a t i o n s .  A s l i g h t  i n c r e a s e  i n  v e l o c i t y  on  t h e  outer edge  of t h e  duc t  t u r n  is 
a l s o  i n d i c a t e d  i n  f i g u r e  5 ( b ) .  

P re sen ted  i n  f i g u r e  6 are t h e  r e s u l t s  of t h e  v e l o c i t y  s u r v e y  a t  va ry ing  d i s -  
t a n c e s  downstream for one  a m s t a n t  mean v e l o c i t y .  F i g u r e s  6 ( a )  and 6 ( b )  are  
plots of t h e  v e r t i c a l  and l a t e r a l  v e l o c i t y  d i s t r i b u t i o n s ,  r e s p e c t i v e l y .  T h i s  
f i g u r e  i n d i c a t e s  t h a t  t he  f l o w  l e a v i n g  t h e  45O t u r n i n g  vane seems to become more 
uniform a s  i t  moves downstream. F u r t h e r ,  t h i s  f i g u r e  c l e a r l y  shows t h e  i n c r e a s -  
i n g  boundar y- layer  t h i c k n e s s  w i t h  i n c r e a s i n g  d i s t a n c e s  downstream. The  boundary 
laytr appea r s  to !?e between 2 . 5 4  and 5.10 cm ( 1 . 0 0  and 2 .00  i n . )  t h i c k  a t  t h e  
n a n i p u l a t o r  i n s t a l l a t i o n  locations, b u t  t h e  c e n t e r  p o r t i o n  of t h e  d u c t  is c l e a r l y  
usanle fo r  making t h e  t u r b u l e n c e  measurements. 
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Canpar i son  of model t u n n e l  w i th  f u l l - s c a l e  tunne l . -  A f t e r  t h e  h a l f - s c a l e  
model w a s  assembled and be fo re  v a l i d  m a n i p u l a t o r - t u r b u l e n c e r e d u c t i o n  tes ts  
m u i d  be conducted,  numerous tests were r e q u i r e d  to  oompare t h e  model results 
wi th  t h e  f u l l - s c a l e  t u n n e l  r e s u l t s .  I n  t h e  f u l l - s c a l e  t u n n e l ,  t u r b u l e n c e  and 
mean-ve loc i ty  measurements were made upstream of tle amler, between t h e  amler 
and t h e  45O t u r n i n g  vanes,  and i n  t h e  c o n t r a c t i o n  s e c t i o n s .  (See  f i g .  1 . )  
Sane  o f  these r e s u l t s  are r e p o r t e d  i n  r e f e r e n c e s  3, 4, and 5. Dynamic f l a w  mea- 
surements were ma& us ing  a f l o r d i r e c t i o n  and speed  sensor d e s c r i b e d  in t e f e r -  
ence 1'1 which can respond to  f r e q u e n c i e s  up to  pe rhaps  2 @  Hz. The f l o w - d i r e c t i o n  
( p i t c h  and yaw) measurements as a f u n c t i o n  of time are shown i n  f i g u r e  7 
f o r  three wind-tunnel Mach numbers. The data i n d i c a t e  t h a t  the flaw d i r e c t i o n  
c p s t r e a n  of t h e  cmoler w a s  very unsteady,  w i th  approximate  f l m  a n g u l a r i t y  v a r i -  
a t i o n s  of +20°. The  speed  v a r i a t i o n s  ahead of the cooler were also ve ry  
unsteady. The f r e q u e n c i e s  of t h e s e  v a r i a t i o n s  were q u i t e  high,  and it w a s  an- 
c luded  that t h e  dynamic r e s p o n s e  of the s e n s o r  was l i m i t i n g  t h e  r e s u l t i n g  s e n s o r  
output. At tempts  were made to simulate t h e  d i s t u r b a n t x  u p s t r e a n  o.f the  c o o l e r  i n  
the h a l f - s c a l e  m o d e l .  F o r t u n a t e l y ,  the ex t r eme  t echn iques  that were t r i e d  (!-.e., 
a i r f o i l  vanes and c y l i n d e r  v o r t e x  g e n e r a t o r s )  r e s u l t e d  i n  ve ry  m a l l  d i f f e r e n c e s  
i n  t u r h l e n c e  downstream of the owler. I t  w a s  concluded t h a t  t h e  oooler 
performed as a ve ry  good f l u i d  damper and flow s t r a i g h t e n e r .  For f l aw downstream 
of the moler, it can be s e e n  i n  f i g u r e  7 t h a t  t h i s  was indeed  true. Although 
t h e  f l o w a n g l e  measurements i n  f i g u r e  7 have no t  been c o r r e c t e d  f o r  t h e  s e n s o r  
o r i e n t a t i o n ,  it can be s e e n  t h a t  the  flow e x i t s  no:mal to t h e  ooo le r  and p a r a l l e l  
t o  t h e  t u n n e l  w a l l s  a t  t h e  t u r n i n g  vanes. (See f i g .  1.) The t u r n i n g  vanes a r c  
a c t u a l l y  c o n s t r u c t e d  t o  o v e r t u r n  t h e  f l w  by 2.5O. The mean f low speed between 
the  cooler and t h e  45O t u r n i n g  vanes w a s  about  6.86 d sec  (22.5 f t / s e c ) ,  and t h e  
speed  downstream of the  45O t u n i n g  vanes normal to t h e  c i r c u l a r - d u c t  a x i s  was 
about  8 . 5  Wsec (28 .0  f t / s e c ) .  These  speeds were approx ima te ly  t h e  same f o r  tun- 
n e l  t e s t - s e c t i o n  Mach numbers between 0.75 and 0.84. 

The p r e s s u r e  loss a c r o s s  t h e  model and f u l l - s c a l e  coolers was measured and 
found t o  ampare f a v o r a b l y .  The r a t i o  of t h e  measured moler p r e s s u r e  loss to 
t h e  dynamic p r e s s u r e  w a s  abou t  6.5. 

The f u l l - s c a l e t u n n e l  t u r b u l e n c e  measurements ( r e f s .  3, 4, and 5) upstream 
of t h e  c o o l e r  i n d i c a t e  h igh  t u r b u l e n c e  l e v e l s .  The  a x i a l  t u r b u l e n c e  l e v e l s  dawn- 
s t r e a m  of t h e  m c l e r  and 4 5 O  t u r n i n g  vanes ( i n  t h e  s e t t l i n g  chamber) were  about  
2 p e r c e n t  i n  t h e  f u l l - s c a l e  t u n n e l .  The measured model r e s u l t s  matched ve ry  
clasely t h e  f u l l - s c a l e  r e s u l t s ,  t hus  v e r i f y i n g  t h e  t u r b u l e n c e  level of the  cmoler 
and t u r n i n g  vzne model. 

Speed range and test procedure . -  The test speeds were d i c t a t e d  by s c a l i n g  
laws. Reynolds n m b e r  s c a l i n g  based on c o o l e r  t u b e  diameter ( r a t i o  of dynamic 
f l u i d  f o r c e s  to v i scous  f l u i d  f o r c e s )  r e q u i r e s  doubl ing  t h e  s p e d  f o r  t h e  h a l f -  
s c a l e  model t o  keep t h e  same Reynolds nunber.  S t r o u h a l  f r equency  s c a l i n g  
r e q u i r e s  h a l v i n g  t h e  speed f o r  t h e  h a l f - s c a l e  m o d e l  to  keep t h e  same shedd ing  
f r e q u e n c i e s .  The mean speed  i n  t h e  plenun of t h e  f u l l - s c a l e  t u n n e l  ranged  f r m  
about 4.6 to  9.1 m/sec (15.0 t o  30.0 f t / s e c ) ,  and t h e  model t e s t  speeds  ranged 
fi-an 7 . 6  to 21 .3  Wsec (25 .0  to  70.0 f t / s e c ) .  
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Each test configuration was evaluated by installing the manipuiators, seal- 
ing the duct, and conducting the tests over the speed range. At each test speed, 
the hot-wire rms and dc voltages and the duct operating conditions were manually 
read and recorded. The hot-wire and acoustic data were then tecorded OR FM tape 
for more extensive data reduction and analysis. An on-line spectra analyzer and 
correlator were used periodically to review particular Conditions. After the 
speed range was completed, the manually recorded aata were immediately analyzed 
for a preliminary evaluation. Some suspect data points were repeated before pro- 
ceeding to the next manipulator configuration. Approximately 250 manipulator 
configurations were evaluated. 

Air-drive system.- A conventional hot-wire sensor systen! does not separate 
acouszc waves from vorticity (fluid turbulence). 
marily modify fluid turbulence and have ljttle effect on acoustic waves. Since 
the object of the present program was t k  reduction of fluid turbulence, 
acoustic noise was considered undesirable interEerence. As the turbulence level 
is decreased, the significance of the acoustic interference increases. The- 
original fan drive system of the model, which is not shown i i  figure 2 ,  was a 
major acoustic noise source, since it was located very close behind the instru- 
mentation section and had to produce sufficient pressure rise to overcome the 
pressure loss through the cmler and a multitude of manipulators. The fan had 
been desicned for other investigations to operate with large mass flows and with 
a relatively low pressure rise, but in the present tests with the cooler and 
screens, it was required to operate at lob mass flows and high pressure rise. 
This off-design fan operation was very noisy. 

Screens and honeycombs pri- 

The first 400 test runs were conducted using this axial-flow fan mounted a 
few feet downstream of the reference pitot tubes. Numerous techniques were 
attempted to overcome the noise probiem, including taking the arithmetic dif- 
ference between the turbulence measurements with and without the manipulators 
present with the drive fan operating at the same load conditions. Such attempts 
to overcome noise problems were unsuccessful, and finally, a different drive 
system was incorpcrated. The new drive systom location is shown schematically 
in figure 2 .  

This new air-drive system consisted o€ three tip-driven-turbine air motors 
that operated at very high rotational speeds, namely 8000 to 20 000 revclutions 
per minute. These motors were enclosed in an acoustically lined box with 
various internal baffles to kepp the air-motor-generated noise from moving up 
the diffuser and contaminatiny the hot-wire measurements. The acoustic box was 
very effective in reducing the air-drive-motor noise. However, as the turbu- 
lence level was reduced, other noise sources became noticeable, but at a lower 
noise level (e.g., the noise from the air passing through the cooler). Pre- 
sented in table III(a) are the frequencies that have been identified as originat- 
ing from the cooler. As expected, these frequencies vary directly with speed 
(Strouhal eddy shedding). The two microphones placed along the duct were cross 
correlated to determine the direction of travel of the acoustic waves. For 
example, diffuser separation noise was identified as ancther noise source; and 
vertex generators installed in the diffuser attenuated this noise source. Each 
reduction in the noise level resulted in a new, lower noise (or hot-wire- 
measured turbulence) floor. 
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One other acoustic source was identified that might be of interest, the 
standing waves within the duct itself. Under some operating conditions (speed 
and manipulator combinations), these standing waves could be excited. Presented 
in table I11 (bl are some natural acoustic frequmcies and hot-wire frequencies 
that did not vary with duct speed. The length of the duct from the cooler to 
the acoustic box is approximately 10.5 m (34.5 ft). This length corresponds to 
th3 frequencies presented in table III(b) and was used to calculate the air col- 
umn frequencies. By incarporating a 100-Hz high-pass filter to the hot-wirs 
data acquisition system, the effects of the standing waves could be effectively 
eliminated. Initially, turbulence data were recorded at different high-pass- 
filter settings, namely 2 Hz, 10 H2, and 100 Hz. In general, it was found that 
the relative turbulence reduction (with the same filter) was approximately the 
same for the various manipulators. Therefore, all data reported for runs after 
number 564 are for the 100-Hz high-pass filter. 

Initially, the low-pass filter was set at 10 kHz. A review of the spectra 
indicated that most of the hot-wire information had frequencies below about 
3 kHz. Therefore for runs after number 679, the low-pass filter was set at 
5 kHz. 

Hot-wire Measuring Accuracy 

It is difficult to make accurate hot-wire measurements and even more dif- 
ficult when the turbulence levels are very low. However, in order to validate 
both the turbulence data presented and the conclusions reached, some estimate 
of accuracy must be attempted. 

To evaluate the accuracy of the hot-wire data, the data reduction equa- 
tions were reviewed. (See appeqdix.) This review indicated that a direct eval- 
Eation of the sensitivity of the input parameters was not possible. Therefore, 
mean values of all the input variables wete chosen. Then an arbicrary 
ilO-percent error in each variable was introduced, one variable at a time, into 
the data reduction equations. The results are shown in figure 9 .  Shown in fig- 
ure 8(a) are the resulting errors in axial and lateral turbulence for input error 
in the measured voltages. Shown in figure 8(b) are the errors for input errors 
in the hot-wire calibration constants. The results show the nominal (mean) value 
of turbulence and the +lO-percent error range. The figures show that the axial- 
turbulence (u') accuracy stays within the le1 0-percent band, whereas the lateral- 
turbulence (v') errors can be much larger than + l o  percent. The data reduction 
equations indicate that errors in measurement with the cross-wire probe will 
not affect the axial turbulence, but errors in the single-wire measurements will 
affect the lateral turbulence. In other words, it will be more difficult to 
obtain accurate lateral turbulence than axial turbulence. 

A further assessment of the accuracy was made as follows. Recall that one 
hot wire i a  single wire) was placed betwf:en the 4 5 O  turning vanes and the first 
manipulator. (This wire was used to assure that the turbulence leaving the turn 
and/or entering the manipulators was relatively ccnstant.) The measured output 
from this wire was tabulated over a 30-day period. This tabulation included 
175 data points, 5 duct speeds, 2 different hot wires (one was broken during the 
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time p e r i o d )  , and many d i f f e r e n t  man ipu la to r s .  The r e p e a t a b i l i t y  o f  t h e  d a t a  
was e v a l u a t e d  s t a t i s t i c a l l y  ( i . e . ,  t h e  mean arid s t a n d a r d  d e v i a t i o n  a )  f o r  each  
of  t h e  f i v e  d u c t  speeds .  A t  a d u c t  speed  of 18.3 m/scc (50.0 f t / s e c ) ,  t h e  
s c a t t e r  f o r  95 p e r c e n t  o f  t h e  d a t a  (20)  f e l l  w i t h i n  ?12 p e r c e n t  of t h e  mean; a t  
15.24 m/sec (50.0 f t / s e c ) ,  25.7 p e r c e n t ;  a t  12.2 m/sec (40 .4  f t / s e c ) ,  t4.5 per- 
c e n t ;  a t  9.1 m / s e c  (30.0 f t / s e c ) ,  +5.7 p e r c e n t ;  and a t  7 .62  m/sec (25.0 f t / s e c ) ,  
2 5 . 4  p e r c e n t .  S i n c e  t h e  18.3 m/sec (60.0 f t / s e c )  d u c t  speed  was q u i t e  n o i s y  
and had a r e l a t i v e l y  l a r g e  s c a t t e r ;  it was d i s r e g a r d e d  i n  most o f  t h e  d a t a  
p r e s e n t e d  h e r e i n .  
v a r i e s  i n v e r s e l y  as t h e  squa re  r o o t  o f  t h e  number o f  d a t a  p o i n t s  averaged  ( i .e . ,  
0% = ux/@). 
a c c u r a t e  t h e  averaged  number (mean v a l u e ) .  By ave rag ing  t h e  t u r b u l e n c e  measure- 
ments fo r  four speeds  (15.24,  12 .2 ,  9.1,  and 7.62 m/sec (50.0,  40.0,  30.0,  and 
25.0 f t / s e c ) )  , t h e  error i n  t h e  mean va lue  d e c r e a s e s  t y  one -ha l f .  Assuming t h a t  
t h e  p r e v i o u s l y  e s t i m a t e d  e r r o r s  f o r  one hot  wire app ly  to  each  of  t h e  o t h e r  
w i re s  i n  t h e  system, and ave rag ing  t h e  t u r b u l e n c e  measurements f o r  one manipula- 
t o r  over t h e  f c u r  speeds r e s u l t s  i n  an  e s t i m a t e d  accuracy  of  2 . 5  to 3 p e r c e n t .  
Of c o u r s e ,  averaging  t h e  measured t u r b u l e n c e  l e v e l s  f o r  d i f f e r e n t  mean d u c t  
speeds  r e s u l t s  i n  a pseudo- turbulence  l e v e l .  Eowever , t h i s  pseudo- turbulence  
l e v e l  w i l l  have less s c a t t e r  (more a c c u r a t e )  and can  be used f o r  r e l a t i v e  com- 
p a r i s o n s  of  d i f f e r e n t  manipula tor  c o n f i g u r a t i o n s .  

The v a r i a t i o n  i n  t h e  mean v a l u e  of measqred turbulence 

I n  o t h e r  words, t h e  l a r g e r  t h e  number o f  v a l u e s  averaged  t h e  more 

az 

During t h e  test  program, d i f f i c u l t i e s  were sometimes encountered  i n  ove r  
d r i v i n g  t h e  a m p l i f i e r s  f o r  t h e  hot-wire  i n s t r u m e n t a t i o n .  T h i s  d i f f i c u l t y  was 
r e so lved  by two t echn iques .  The f i r s t  was to u s e  t h e  dc o f f s e t  a v a i l a b l e  w i t h i n  
t h e  hot-wire  s i g n a l  c o n d i t i o n i n g  equipment .  The second was to t a k e  t w o  rms- 
o u t p u t  vo l tme te r  r ead ings :  one r ead ing  was taken  a t  t h e  d e s i r e d  g a i n  s e t t i n g  
(de te rmined  by t h e  t a p e  r eco rde r  r equ i r emen t s )  and t h e  o t h e r  a t  t h e  :.ext lower 
g a i n  s e t t i n g .  The l a t t e r  two  o u t p u t  l e v e l s  were compared i f o r  a c c e p t a n c e ) ,  
manually r eco rded ,  and averaged i n  t h e  d a t a  r e d u c t i o n  p rocess .  I n  g e n e r a l ,  
two a d d i t i o r ? a l  d a t a  p o i n t s  were averaged  a t  each  d u c t  speed .  T h i s  ave rag ing  
decreased  t h e  s c a t t e r  ( o r  e r r o r )  i n  t h e  r e p o r t e d  t u r b u l e n c e  f u r t h e r .  

On t h e  b a s i s  of t h e  p reced ing  d i s c u s s i o n ,  i.t is concluded  t h a t  t h e  measured 
and average  a x i a l  t u r b u l e n c e  (pseudo t u r b u l e n c e )  d a t a  p r e s e n t e d  is a c c u r a t e  to  
approximate ly  2 p e r c e n t .  From t h e  previo i l s  d i s c u s s i o n  ( f i g .  9 )  , i t  is es t i -  
mated t h a t  t h e  average  l a t e r a l  t u r b u l e n c e  (pseudo t u r b u l e n c e )  may have an e r r o r  
a s  high a s  4 p e r c e n t .  

MANIPULATOR CONFIGURATION RESULTS 

The  r e s u l t s  i n  t h i s  section o f  t h e  paper a r e  p r e s e n t e d  to answer s p e c i f i c  
q u e s t i o n s  which a r e  of a g e n e r a l  n a t u r e  and i n t e r e s t .  ':ome of t h e  items a r e  
unusual  ( i . e . ?  i n d e n t a t i o n  i n  honeycomb o r  s c r e e n s )  b u t  cou ld  be veri1 s i g n i f i c a n t .  
T h e  d a t a  a r e  p r e s e n t e d  i n  t a b u l a r  form and,  when a p p r o p r i a t e ,  a l s o  i n  g r a p h i c a l  
form. T h e  t a b u l a r  d a t a  p r e s e n t s  t h e  measured a x i a l  u'  and l a t e r a l  v '  t u r -  
buienc-e and t h e  averaged pseudo t u r b u l e n c e  and a v a i u e  r e p r e s e n t i n g  a measure o f  
t h e  t o t a l  f l u c t u a t i n g  v e l o c i t y  component. T h e  l a t t e r  va iue  is o b t a i n e d  by 
assuming t h a t  rhe measured l a t e r a l  and v e r t i c a l  t u r b u l e n c e  a r e  equal and then  

comb,ninq a l l  t h r e e  components (1.e.. 1 : ( u ' ) ~  + 2 ( ~ ' ) ~ ? / 3  . The v a l i d i t y  of 
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t h i s  approach c a n  be e s t i m a t e d  by s e e i n g  i€ u' = V I  j n  t h e  t a b l e s .  Thi ;  w i l l  
p r o v i d e  some i n s i g h t  as to how isotropic t h e  t u r b u l e n c e  r e a l l y  is. The tabu- 
l a t e d  d a t a  also i n c l u d e  tlLIo ave raged  t u r b u l e n c e  ove r  t h e  speed range.  T h i s  
ave rage  v a l u e  may n o t  r e p r e s e n t  a r e a l  c o n d i t i o n :  however, j t  w i l l  have less 
errOi- and C?L be compared r e l a t i v e  to t h a t  o f  o t h e r  c o n f i g u r a t i o n s .  

L o g i c a l l y ,  i t  wculd seem t h a t  t h e r e  shou ld  be some r e l a t i o n  between t h e  
upstream scale o f  t u r b u l e n c e  and t h e  s c r e e n  mesh s i z e .  I n  o t h e r  words, a par-  
t i c u l a r  rnt'sh s c r e e n  w i l l  r e s u l t  i n  t h e  g r e a t e s t  t u r b u l e n c e  r e d u c t i o n  when 
t h e  scree; mesh s i z e  is p r o p e r l y  matched to t h e  scale of t u r b u l e n c e  ( s ize  of 
t h e  d i s t u r b a n c e ) .  The i n t e g r a l  scale o f  t u r b u l e n c e  is d e f i n e d  as t h e  axea 
under t h e  a u t o c o r r e l a t i o n  c u r v e  (from time zcrb to t h e  z e r o  c r o s s i n g  p o i n t  o f  
t h e  a x i a l  component of t u r b u l e n c e )  m u l t i p l i e d  by t h e  mean v e l o c i t y .  The 
r e l a t i o n s h i p  between t h e  i n t e g r a l  scale and t h e  mesh s ize  was looked f o r  b u t  
was n o t  found. However, t h i s  shou ld  n o t  be c o n s i d e r e d  a g e n e r a l  c o n c l u s i m ,  
because t h e  incoming t u r b u l e n c e  to each  o f  t h e  m a n i p u l a t o r s  was h e l d  c o n s t a n t  
du r ing  t h i s  s t u d y  and because t h ?  s t u d y  was des igned  s p e c i f i c a l l y  f o r  t h e  
c o n f i g u r a t i o n  of t h e  Langley 8-Foot T r a n s o n i c  P r e s s u r e  Tunnel.  

Open Duct Turbu lence  

P r e s e n t e d  i n  t a b l e  I V  are data f o r  t h e  t u r b u l e n c e  measured w i t h o u t  any 
m a n i p u l a t o r s  p r e s e n t .  These  data a r e  preser i ted for r e f e r e n c e  o n l y .  The d a t a  
a r e  f o r  t h e  same a x i a l  l o c a t i o n  used when t h e r e  were m a n i p u l a t o r s  p r e s e n t .  T h i s  
l o c a t i o n  is approx ima te ly  3.69 m (12.11 f t )  downstream o f  t h e  t r a i l i n g  edge of 
t h e  45O vanes ,  measured on t h e  c e n t e r l i n e  of t h e  d u c t .  T h i s  hot-wire  l o c a t i o n  
was f i x e d  wi th  respect to t h e  l a s t  downstream man ipu la to r .  Viscous decay 
of  t u r b u l e n c e  has  o c c u r r e d  s i n c e  t h e  f l u i d  has  l e f t  t h e  cooler. S i n c e  t h e  a x i a l  
and l a t . e r a l  t u r b u l e n c e  a r e  n o t  q u i t e  e q u a l ,  t h z  t u r b u l e n c e  a t  t h e  hot-wire  loca -  
t i o n  is n o t  qu i t e  i s o t r o p i c .  

Reversing Two D i f f e r e n t  Mesh S c r e e n s  

The mechanisms invo lved  i n  changing t h e  t u r b u l e n c e  of f low through s c r e e n s  
a r e  q u i t e  complex. Presumably,  t h e  incoming t u r b u l e n c e  is changed (momentum 
change) i n  p a s s i n g  througb t h e  s c r e e n s ,  t h e  s c r e e n s  shed t h e i r  own t u r b u l e n c o ,  
and v i s c o s i t y  is a c t i w  c o n t i n u o u s l y .  The l a r g e - s c a l e  t u r b u l e n c e  upstream is 
changed by going tnrodgh t h e  s c r e e n  to produce s m a l l - s c a l e  t u r b u l e n c e  which  w i l l  
decay more r a p i d l y  due to v i s c o s i t y .  The remaining t u r b u l e n c e  is tt.e n e t  e f f e c t  
of t h e  s c r e e n s .  I t  is g e n e r a l l y  assumed t h a t ,  i n  any c e r i e s  o f  s c r e e n s ,  t h e  
f i n e s t  mesh s c r e e n s  shou ld  be l a s t  ( f u r t h e s t  downstream). Two s c r e e n s  wi th  
widely va ry ing  mesh s i z e  were tested t o  v e r i f y  t h i s  h y p o t h e s i s ,  and t h e  r e s u l t s  
a r e  g i v e n  i n  t a b l e  V. T h e  o r d e r  o f  t h e  t w o  scI'eens was r e v e r s e d  and t h e  tes ts  
r e p e a t e d .  I n  t h e  rehiarks column o f  table V ,  t h e  dashed l i n e  s i g n i f i e s  a s c r e e n  
and t h e  42M or 20M i n d i c a t e s  t h e  s c r e e n  mesh s i z e s  ( i . e . ,  number of wires 
per i n c h ) .  The  f l o w  d i r e c t i o n  is i n d i c a t e d  by t h e  arrow. R e c a l l  t h a t  t h e  h o t  
w i r e s  were 0.30 m (12 i n . )  downstream of t h e  l a s t  man ipu la to r .  For t h e  c o a r s e s t  
s c r e e n ,  t h i s  measuring d i s t a n c e  is over 250  s c r e e n  meshes downstream of t h e  
s c r e e n .  The d a t a  i n  r e t e r e n c e  10 i n d i c a t e  t h a t  a lmos t  a l l  of t h e  t u r b u l e n c e  
decay = c u r s  w i t h i r  50 to 75 s c r e e n  meshes downstream of t h e  s c r c e n .  The 
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r e s u l t s  i n  table V indicate t h a t  t h e  order o f  t h e  s c r e e n s  does make a d i f f e r e n c e ,  
a l though  t h e  d i f f e r e n c e  is n o t  lsrse. I t  appears t h a t  t h e r e  is a s l i g h t  g a i n  i n  
performsnce ( reduced  t u r b u l e n c e )  when t h e  f ines t  s c r e e n  mesh is placed f a r t h e s t  
downstream. 

Eva lua t ion  of Damaged S c r e e n s  and Honeycomb 

During t h e  test program, t h e  cont inua l .  hand l ing  o f  t h e  m a n i p u l a t o r s  r e s u l t e d  
i n  i n a d v e r t e n t  damage; t h e r e f o r e ,  a n  op- r tuni ty  was a v a i l a b l e  to de te rmine  t h e  
e f f e c t  o f  t h i s  damage on t h e  tu rbu lence .  The damagz was done nea r  t h e  c e n t e r  of 
t h e  flow channe l  where t h e  ho t  wires were g e n e r a l l y  located (i.e., 22.54 c m  
(k1.0 in . )  on each  side o f  t h e  d u c t  c e n t e r  and 30.5 c m  (12.0 in . )  downstream from 
t h e  last m a n i p u l a t o r ) .  For t h i s  r eason ,  t h e  measured t u r b u l e n c e  r e s u l t i n g  from 
t h e  damage is n o t  e q u i v a l e n t  to t h e  ave rage  t u r b u l e n c e  ower t h e  e n t i r e  d u c t  sec- 
t i o n ,  b u t  t h e  wors t  t h a t  would be expected. The r e s u l t i n g  measured data are 
shown i n  t a b l e  V I .  The ske tched  cell s t r u c t u r e  shown i n  t h e  remarks column i n d i -  
cates t h e  honeycomb l o c a t i o n ,  and t h e  unde r ly ing  number i n d i c a t e s  t h e  honeycomb 
cell  s i z e  i n  inches .  

A comparison o f  t h e  r e s u l t s  for damaged and undamaged honeycomb i n d i c a t e s  
an a p p r e c i a b l e  i n c r e a s e  i n  t h e  l a t e ra l  t u r b u l e n c e  b u t  l i t t l e  i n c r e a s e  i n  a x i a l  
t u rbu lence .  I t  should  be noted, however, t h a t  t h e  a d d i t i o n a l  t u r b u l e n c e  created 
by t h e  damaged honeycomb was krocessed through two s c r e e n s  b e f o r e  be ing  measured 
by t h e  h o t  wire, and s c r e e n s  are v e r y  e f f e c t i v e  i n  r educ ing  a x i a l  tu rbu lence .  
(See r e f .  7. )  The damage amounted to pe rhaps  0.16 c m  (0.062 i n . )  o f  t h e  t r a i l -  
ing edge o f  some o f  t h e  honeycomb cells bzing b e n t  ove r  when i n a d v e r t e n t l y  raked 
w i t h  a bolt o f  about 0.95 c m  (0.375 in.) i n  d i ame te r .  

I n  table V I  (b) , t h e  damaged s c r e e n  w a s  t h e  most downstream s c r e e n  ( i .e. ,  t h e  
s c r e e n  closest to t h e  ho t  w i r e ) .  The damage was judged to  be v e r y  local and 
mi ld  ii.e., what might occur  i f  a p e n c i l  moved down t h e  s c r e e n  and l e f t  a 1/32- 
to l / lE - in .  permanent deformation! .  The comparison of t h e  damaged and undamaged 
s c r e e n s  i n d i c a t e s  a doubl ing  of t h e  t u r b u l e n c e  l e v e l .  When t h e  f l u i d  p a s s e s  
through t h e  s c r e e n ,  it t ends  to e x i t  normal to the  s c r e e n  s u r f a c e .  T h e r e f o r e ,  
any permanent deformat ion  i n  t h e  s c r e e n  c a u s e s  t h e  f l u i d  to e x i t  normal to t h e  
d e f l e c t e d  s u r f a c e .  These t i n y  d e f l e c t e d  jets c a u s e  v e l o c i t y  g r a d i e n t s  t h a t  i n  
t u r n  g e n e r a t e  tu rbu lence .  Comparing t h e  dxilaged-screen data w i t h  t h e  open-duct 
d a t a  ( t ab le  I V ) ,  it is seen  t h a t  t h e  l o c a l ,  mild damage e l i m i n a t e d  one-half  t h e  
k n e f i t  o f  a l l  o f  t h e  s i x  prev iou ,  s c reens .  These d a t a  p i n t  o u t  t h e  importance 
nf r a t  damaging t h e  s c r e e n s ,  p a r t i c u l a r l y  t h e  l a s t  s c r e e n .  

S c r e e n s  Agains t  Honeycomb 

One manjpulator-configuration v a r i a b l e  i n v e s t i g a t e d  was t h a t  o f  p l a c i n g  t h e  
f i r s t  s c r e e n  d i r e c t l y  a g a i n s t  t h e  downstream f a c e  o f  t h e  honeycomb, i n s t e a d  o f  
t h e  more con- ion t iona l  p o s i t i o n  f a r t h e r  downstream. Presumably,  t h e  s c r e e n  j u s t  
downstream of t h e  honeycomb assumes f u l i  t u r b u l e n t  f low o f  t h e  f l u i d  l e a v i q g  t h e  
honeycomb-screen combinat ion.  (See  r e f .  12.) For t h e  v a r i o u s  c o n f i g u r a t i o n s  
tested,  t h e  o v e r a l l  a x i z l  d imens ions  were c o n s t a n t ,  and t h e  d i s t a n c e  between t h e  
las t  ( f a r t h e s t  downstream) manipula tor  and t h e  h o t  wire were also c o n s t a n t .  The 
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data may be compared i n  t a b l e  V I I .  These data are also shown i n  f i g u r e  9. The 
ordinate o f  f i g u r e  9 is t h e  ra t io  of t h e  measured t u r b u l e n c e  w i t h  one  of t h e  
s c r e e n s  i n  c o n t a c t  w i t h  t h e  downstream s u r f a c e  of t h e  honeycomb to t h e  measured 
t u r b u l e n c e  w i t h  t h e  same s c r e e n  n o t  i n  c o n t a c t  w i t h  t h e  honeycomb. 
symbols are used to r e p r e s e n t  t h e  r a t io  f o r  a x i a l  and la teral  tu rbu lence .  The 
data shewn i n  f i g u r e  9 r e p r e s e n t  t h e  ave rage  t u r b u l e n c e  (pseudo t u r b u l e n c e )  ove r  
t h e  speed range .  (See d i s c u s s i o n  o f  accuracy.)  Any data i n  f i g u r e  9 t h a t  have 
an o r d i n a t e  g r e a t e r  t han  one  i n d i c a t e  t h a t  having t h e  s c r e e n  away from t h e  honey- 
comb is bet ter ,  and any v a l u e s  less t h a n  one i n d i c a t e  t h a t  having t h e  s c r e e n  
a g a i n s t  t h e  honeycomb is better.  The data i n  f i g u r e  9 i n d i c a t e  t h a t ,  i n  g e n e r a l ,  
t h e  axial  pseudo t u r b u l e n c e  is approximate ly  10 p e r c e n t  h ighe r  and t h e  l a t e r a l  
pseudo t u r b u l e n c e  is s l i g h t l y  lower w i t h  a s c r e e n  d i r e c t l y  i n  c o n t a c t  w i t h  the 
honeycomb. Recalling t h e  accu racy  l i m i t a t i o n s  of t h e  hot -wire  data (see s e c t i o n  
e n t i t l e d  “Hot-wire  Measuring Accuracy” ) ,  i t  is concluded  t h a t  t h e r e  is no per- 
formance advantage  f o r  e i t h e r  p o s i t i o n  of  t h e  s c r e e n  d i r e c t l y  downstream o f  t h e  
honeycomb. Other  c o n s i d e r a t i o n s  such  as d e s i g n ,  c o n s t r u c t i o n ,  o r ,  p a s s i b l y ,  
space l i m i t a t i o n s  shou ld  be t h e  d i c t a t i n g  factors. 

D i f f e r e n t  

Honeycomb a t  45O to  t h e  Fiow Stream 

The 45O honeycomb had i n d i v i d u a l  cells a l i g n e d  w i t h  t h e  f low stream; how- 
e v e r ,  t h e  f r o n t  ana  back f a c e s  o f  t h e  honeycomb assembly were c u t  to be parsl le l  
to  t h e  4 5 O  t u r n i n g  vanes.  (See f i g .  1 or  2 . )  I t  has been sugges t ed  t h a t  t h e r e  
were some advantages  to t h i s  c o n f i g u r a t i o n ,  because  once  t h e  honeycomb i n t e r a c t s  
w i t h  t h e  t u r b u l e n c e  coming from t h e  45O t u r n i n g  vanes ,  t h e r e  is a r e l a t i v e l y  long  
a x i a l  d i s t a n c e  (or t i m e )  f o r  v i s c o u s  decay to t a k e  place, compared to i n s t a l -  
l a t i o n  wi th  t h e  honeycomb normal to t h e  flow. There  is ro such  space advantage ,  
however, f o r  t h e  par t  o f  t h e  honeycomb near  t n e  i n s i d e  surface o f  t h e  d a c t  
t u r n .  I n  f a c t ,  t h e r e  is a s i g n i f i c a n t  d i sadvan tage  because  o f  t h e  h igh  cost o f  
f a b r i c a t i n g  t h e  45O honeycomb. A model of  t h i s  c o n f i g u r a t i o n  was f a b r i c a t e d  and 
tested, and t h e  r e su l t s  are shown i n  table V I I I .  

Be fo re  d i s c u s s i n g  t h e  r e s u l t s ,  some comments abou t  f a b r i c a t i o n  d i f f i c u l t i e s  
a r e  noteworthy.  The honeycomb chosen  f o r  t h i s  c o n f i g u r a t i o n  had a 0.318-cm 
(0.125-in.) cel l  and 0.0064-cm (0.001-in.) material thickne;s .  The sample 
was c a r e f u l l y  cat  from a l a r g e ,  s o l i d  b l o c k  o f  expanded honeycomb. The remain- 
ing  machine “ b u r r s ”  on t h e  t w o  4S0 f a c e s  were sanded and p o l i s h e d .  The r e s u l t -  
ing f a c e s  were not f i n i s h e d  as w e l l  (as  sha rp )  a s  those of  t h e  90° honeycomb 
purchased:  however, t h e  f i n a l  p r o d u c t  was as good a s  cou ld  be made wi th  t h e  fab-  
r i c a t i o n  procedure  used.  

The d a t a  i n  table V I 1 1  are f o r  t h r e e  comparable  man ipu la to r s .  The conf ig -  
a r a t i o n  wi th  t h e  s c r e e n  i n  c o n t a c t  w i th  t h e  downstream edge  of t h e  45O honeycomb 
would be expec ted  to be worst, as was t rue ,  because  t h e  e x i t i n g  f l u i d  is 
expec ted  to be tu rned  normal to t h e  s c r e e n  surface, which i n  t u r n  e s t a b l i s h e s  
shea r  l a y e r s  which w i l l  g e n e r a t e  t u r b u l e n c e .  T h i s  t u r b u l e n c e  g e n e r a t i o n  w i l l  
no t  take p l a c e  when t h e  s c r e e n s  are  a l i g n e d  normal to t h e  mean flow. A l l  t h e  
d a t a  i n  table V I 1 1  are f o r  t h e  h o t  w i r e s  30.5 cm (12 .0  i r l . )  downstream from t h e  
l a s t  manipula tor  ( i .e . ,  t h e  42-mesh s c r e e n ) .  The d a t a  i n d i c a t e  t h a t  t h e  best 
performance (lowest t u r b u l e n c e )  is o b t a i n e d  when t h e  honeycomb and s c r e e n  s u r -  
f a c e s  a r e  a l i g n e d  normal t o  t h e  flow. 
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Varying Honeycomb Cell S i z e  

As indicated p r e v i o u s l y  f o r  s c r e e n s ,  t h e r e  is p r o b a b l y  some optimum match 
hetween t h e  scale of  t u r b u l e n c e  [ i n  t h i s  test, t h a t  o f  t h e  h a l f - s c a l e  model of 
t h e  Langley 8-Foot T r a n s o n i c  P r e s s u r e  Tunnel)  and t h e  honeycomb ce l l  s i z e .  The 
honeyc-wnb cell  s i z e s  chosen f o r  e v a l u a t i o n  are l is ted i n  table 11. For t h e s e  
tests, each honeycomb s i z e  was tested wi th  t h e  same set o f  s c r e e n s .  T e s t s  were 
performed wi th  d i f f e r e n t  sets o f  s c r e e n s  and high-pass  f i l t e r  settings. Nc 
attempt was made to match t h e  s c r e e n  mesh w i t h  t h e  honeycomb ce l l  s i z e s .  The 
r e s u l t i n g  t u r b u l e n c e  measurements a r e  t a b u l a t e d  i n  table I X  and shown g r a p h i -  
c a l l y  i n  f i g u r e  10. The d a t a  i n  f i g u r e  1 0  are p l o t t e d  as  t h e  a v e r a g e  measured 
t u r b u l e n c e  ( s s e u d c  t u r b u l e n c e )  ove r  t h e  speed range.  The o r d i n a t e  i n  f i g -  
u r e  1 0  r e p r e s e n t s  t h e  ra t io  o f  t h e  measured t u r b u l e n c e  w i t h  t h e  honeycomb pres- 
e n t  to t h e  t u r b u l e n c e  r:ithout t h e  honeycomb. The f a c t  t h a t  t h e  ra t ios  shor;? 
are Less tkan ur.o i n d i c a t e s  t h a t  t h e  honeycomb d o e s  r educe  '-he t u r b u l e n c e .  I n  
fac t ,  t h e  lower t h e  r a t i o  v a l u e  ( o r d i n a t e  v a l u e )  t h e  more e f f e c t i v e  is the honey- 
comb. The abscissa i n  f i g u r e  30 is q r a d u a t e d  i n  t h e  f o u r  honeycomb cell  s i z e s .  

A h o r i z o n t a l  l i n e  i n  f i g c r e  10 would i n d i c a t e  t h a t  t h e  same t u r b u l e n c e  
r e d u c t i o n  o c c u r s  f cx  a l l  f o u r  honeycomb ce l l  s i z e s .  The data i n d i c a t e  t h a t  t h e  
1/8 and 1 / 4  honeycombs may be s u p e r i o r  o n l y  because there  is one h igh  p o i n t  
f o r  t h e  1/16 honeycomb and one h i g h  p o i n t  for t h e  3/8 honeycomb. However, t h e  
t r e n d  is n o t  c o n s i s t e n t  ( i .e. ,  f o r  a l l  s c r e e n  c o m b i n a t i o n s ) .  For t h e  s c r e e n  
and honeycomb combinat ion tested, i t  is conzfuaed t h a t  none of t h e  honeycomb 
c e l l  sites a r e  c o n s i s t e n t l y  s u p e r i o r .  

Honeycomb Suppor t S t r uc t u r  e 

Thpre a r e  i n d i c a t i o n s  i n  r e f e r e n c e  10 t h a t  t h e  optimum ra t io  o f  koneycomb 
cel l  l e n g t h  to ce l l  d i ame te r  shou ld  be abc i t  6. The plenum chamber o f  the f u l l -  
s c a l e  t u n n e l  is 10.97 m (36.0 f t )  i n  d i ame te r .  C u r r e n t l y ,  honeycomb is  n o t  
made i n  l a r g e  enough pieces to p u t  one piece a c r o s s  t h e  e n t i r e  s e c t i o n .  F u r t h e r ,  
t h e  honeycomb ( w i t h  t h e  d e s i r e d  dintensions) might have d i f f i c u l t y  s u p p o r t i n g  
i t s e l f  and t h e  a i r  l o a d s  w i t h o u t  some a d d i t i o n a l  s t r u c t u r e .  The prob!.em is to  
b u i l d  honeycomb s u p p o r t  s t r u c t u r e  t h a t  w i l l  g e n e r a t e  a minimum o f  a d d i t i o n a l  
t u r b u l e n c e .  A s k e t c h  o f  two d i f f e r e n t  honeycomb s u p p o r t  s t r u c t u r e s  c o n s i d e r e d  
f o r  i n s t a l l a t i o n  i n  t h e  f u l l - s c a l e  t u n n e l  is shown i n  f i g u r e  1 1 .  The measured 
t u r b u l e n c e  f o r  these s t r u c t u r e s  is shown i n  t a b l e  X ,  and t h e  g r a p h i c a l  t u rbu -  
l e n c e  r e s u l t s ,  averaged over  t h e  speed r ange  (pseudo t u r b u l e n c e ) ,  a r e  shown i n  
i ' igure  12. 

The two c o n f i g u r a t i o n s  ske tched  i n  f i g u r e  1 1  a r e  s e l f - e x p l a n a t o r y .  A t h i r d  
c o n f i g u r a t i o n ,  no t  shown, was to p l a c e  a s c r e e n  a g a i n s t  t h e  downstream honeycomb 
f a c e  and use  wi re  hooks,  p a s s i n g  through t h e  cel ls ,  t o  f a s t e n  t h e  honeycomb 
to t h e  s c r e e n .  T h i s  c o n t i g u r a t i o n  has  t h e  added advan tage  o f  hav n3 one e x t r a  
s c r e e n  w i t h i n  t h e  same a x i a l  space l i m i t a t i o n s .  

The r e s u l t i n g  t u r b u l e n c e  measurements ( t a b l e  X )  were made d i r e c t l y  down- 
s t r e a m  of  t h e  s u p p o r t  s t r u c t u r e .  T h i s  was done i n  o r d e r  t o  e v a l u a t e  t h e  worst 
p o s s i b l e  c o n d i t i o n ,  and t h e r e f c r e ,  t h e  d a t a  p r e s e n t e d  do  n o t  r e p r e s e n t  t h e  
ave rage  over t h e  e n t i r e  c r o s s  s e c t i o n .  
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The data in figure 1 2  are presented in three groups along the abscissa for 
the three support structures investigated. To the left of each group is the 
basic configuration: that is, the configuration without structural support. The 
data to the right of the base data within each group indicate the turbulence with 
the support. The data show that the first two configurations increase turbu- 
lence- whereas the third configuration reduces turbulence, as might be expected. 

SUMMARY OF RESiJLTS 

Tests were conducted on various configurations of honeycomb and screen flow 
manipulators in a half-scale d 3 1  of the Langley 8-Foot Transonic Pressure 
Tunnel. Initially, the experiment was plagued with acoustic noise affecting the 
hot-wire turbulence measurements. Most of these problems are identified and 
reduced. The following results are offered: 

1. A comparison of the levels of turbulence in the full-scale and half-scale 
models is good, which indicates that the model could be used to make predicted 
measurements of alterations to the full-scale tunnel. 

2. For two different sizes of screen mesh, there is a slight gain in per- 
fornance (reduced turbulence) when the finest screen mesh is placed farthest 
downstream. 

3 .  A slight amount of damage to screens or honeyccxnb can raise the local 
(downstream of the damage) turbulence level greatly. This is especially true, 
of course, for the manipulator farthest downstream. 

4 .  for honeycomb with a cell-length-to-cell-size ratio of about six, there 
was no performance advantage to mounting the screen against the downstream sur- 
face of the honeycomb as opposed to mounting it in a more conventional position 
farther downstrear!. However, if the honeycomb requires a support structure, use 
of a downstream screen to support the honeycomb is an excellent approach. This 
combination provides improved performance over that of the honeycomb or screens 
alone. 

5 .  Installing honeycomb along the downstream face of the corner turning 
vanes with the cells parallel to the flow and front and back faces cut at 45O 
has no performance advantage over installing honeycomb normal to t5e flow. 
The first approach has the disadvantage of being very costly to fabricate. 

6 .  Of the four honeycomb cell sizes tested with various combinations of 
screens, m cell size had consistently better turbulence reduction. Each of 
the four honeycombs had a cell-length-to-cell-size ratio of about six. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
May 2 1 ,  1981 

1 5  



APPEND1 X 

EQUATIONS FOR AXIAL AND LATERAL TURBULENCE 

The equations derived in this appendix are used to determinc the axial and 
lateral turbulence from a single wire at 90° to the flow and from two cross wires 
at some angle to the flow. The equations are standard eqilatinns (e.g., see 
ref. 1 3 )  for using hot wires in a constant temperature mode and are presented 
herein for completeness: 

where 

E output voltage 

m fluid mass-flaw rate 

8 

The differential of E can be written as 

angle of flow with respect to the hot-wire probe 

For the low air speeds used herein (U < 30.0 m/sec (100.0 ftisec)), it is permis- 
sible to assume that the density is constant so that 

and hence 

1 1 - 3E - ?E 
dE E dU E - -  - - - + -  
E l  U ;le d3 

- au 
U 
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APPEND I X 

Let e = dE and u = dU so that 

"V 

E a i n u u  ' ae 

Assume that u and v are small perturbations about the mean 

U U 

de 

V V 
If the flow angle is de = arc tan - - -, then 

u + u  u 

e a l n ~ u  a l n ~ v  

E a l n u u  a a e  u 
- = - - + - -  

e U V 
Let e' = -, li' = -, and v' = -, and multiply by 100 so that e', u', and v '  

represent percent: 
E U U 

Define the hot-wire sensitivities by S1 and S 2 ,  where 

a In E 
s1 = - 

a In u 

a In E 
s2 = - 

ae 

17 



AP3ENDIX 

These sensitivities wili be determined by calibration of each individual hot 
wire. The data reduction equation then becomes 

e' = S1u' + S2v' 

Assume a three-wire system where the axis of one wire is at 90° to the flow and 
the other two wires are at about +4S0 to the flow. The first wire will not 
respond to v (S2 - 01,  and therefore, 

For wires 2 and 3: 

Solve the single-wire equation for the u' component of turbulence, 

ei 

S1 
u' = - 

Square the two equations for the cross wires, multiply the first by S13S23 and 
the second by S I ~ S ~ ~ ,  and subtract the two quations so that the cross product 
term is eliminated and 

Solve for v' and recall that the L' component of turbulence is known from 
the single wire (eq. ( 1 ) )  so that: 

2 2 
SI 3s23s22 - '1 2'22'23 

This is the lateral component of turbulence. 

18 



APPENDIX 

The sensitivity of the single wire SI is determined by medsuring the wire 
output (dc volts) over the speed range U of interest and determining the slope 

for a plot of In E versus  In U S1 - . Similarly, the sensitivities 
S21 and S31 are determined for the other two cross wires. The sensitivities 
S22 and S32 are determined by measuring the cross-wire dc-voltage output for a 
number of small angle variations 8 .  

the slope of a plot of In E versus 0 (Sz = 7) for the two cross w i r e s .  

These sensitivities must be measured in a relstively low-turbulence environment. 
Since these sensitivities (S22, S32) vary soaewhat with speed, they are deter- 
mined for various speeds and they are expanded and redefined as follows: 

a In E ( h " j  
The sensitivities are then determined from 

a in E 
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TABLE I.- FINNED-TUBE COOLER* 

cm 

1.27 
2.86 

14 f ins /2 .54  cm 
5.08 
2.26 

F u l l  scale 
Dimension r 

i n .  

0.500 
1 .12s  

14 f i n s / i n .  
2.00 

.89 

Tube outs ide  diameter 
Pin outs ide  diameter 
Fin  spacing 
Lateral  spacing 
Axia l  spacing 

1 .oo 
2.20 

8 f i n s / i n .  
3.18 
1.83 

2.54 
5.59 

8 f ins /2 .54  cm 
8.08 
4.65 

1 
Symbol Mesh (wires/2.54 cm) i Wire d i m . ,  ( i n . )  

.- _ I  ---- 
4 I 1.27 (0.050) 
8 1 .66C ( .026) 

I .229 ( .009) 
I 

--E- 
8H 

.190 ( .0075) 

.165 ( .0065) 

.140 ( .0055) 

201 20 
28H 1 28 
36M 1 36 
42M 1 42 

TABLE 11.- PHYSICAL PROPERTIES OF HANIWIJLTOR 

-____ 
Open area, percent 

64 
63 
67 
62 
59 
59 

1/16 XC 
1/8 BC 
1/4 EC' 
1/4 EC 
3/8 HC 

Honeycomb 

0.159 ( l / l 6 )  1 .27 (0 .50)  
.318 (1/8) 1.90 ( .75) 
.635 (1 /4 )  3.81 (1 . S O )  
.635 (114) 3.81 ( 1  . S O )  
.952 (3/8) 7.62 (3 .00)  

Material thickness,  B ( i n . )  

0.0254 (0.001 ) 
.0254 ( .001 ) 
.0254 ( -001) 
.0762 ( .003) 
.0762 ( .003) 
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TABLE 111.- ACOUSTICS OF HALF-SCALE MIDEL 

1 st 
harmonic 

186 
223 
298 
372 

(a) Noise from cooler 

2 nd 
harmonic 

37 2 
446 
596 
744 

Measured acoustic frequency," Hz 
' Duct 

Microphone No. 1 Microphone No. 2 

ft 1 s t  2nd - -  
7.62 
9.10 

12.20 
15.24 

25 195 31 5 192 31 5 
30 225 357 228 
40 300 590 300 580 
50 380 7 30 375 7 20 

--- 

Computed Strouhal 
frequency ,b HZ 

i 7.62 
9.10 

12.20 i 15-24 

25 1 4  -- 35 45 59 14 35 45 59 8 24 4 4  57 90 1 
30 14 20 36 -- 56 13 35 55 -- 1 0  25 48 58 9@ ! 
40 1 1 4  -- 34 -- 
50 -- _- -- -- ?! 1 !! -- -- -- I -- -- -- 9 24 47 58 98 

8 24 46 58 90 i 

aBoth microphones out of duct. 

b f = -  where St = 0.31 , U = Duct speed, and 
St" 

d 
d = 1.27 cm (0.5 in.). 

(b) Stending waves within duct 

I I 

1 velocity 1 Measured turbulence 
! Duct 

acoustic ~ 

c----.--i------- 7 

(microphone No. 2 1 
in duct) Bot wire No. 2 

(single wire) I (single wire) 
I Hot wire NO. 4 m ft I 

I 

I 

I 
Computed standing-wave frequency, , 

HZ, for wavelength - 
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TABLE 1V.- TURBULENCE OF OPEN DUCT (NO MANIPULATORS) 

Run no. 

--s 
"ref?  1 u '  

m / s e c  (ft/sec! 

1.30 
1.30 
1.35 
1.38 
1.33 

1.45 
1.23 
1.43 
1 .C8 
1.40 

----+----- - -+ 
71 1 
71 2 
71 3 
71 4 7.4 (24.4) 

15.2 (50.0) 
12.0 (39.5) 1.42 
9.0 (29.6) 1.24 
7.6 (24.8) 1.12 

I 1.34  

1 1 
I I t-- 

t i  
1.20 I '  

1.20 $ 1  

1.24 4.'\! . '<'*!  

1.32 1 1 -  

1.22 High pass? 100 Hz 
I O  

; I  
I I  1.16 

1.30 
1.32 
1.28 High pass, 100 Hz 

LO'! 4.2Y 

v' 

15.0 (49.2)  
12.3 (40.3)  

9.9 (32.6)  
7.7 (25.3) 

1.821 1.74 
1.64 

1.48 1.41 
1.27 

=72 I 
1 .341 1.59 1.52 

1 .03  
1.02 

.96 

.92 

.98 

1.57 
1.44 
1.30 
1 .so 

1.66 
1.52 
1.38 
1.25 
1.45 

TABLE V.- TURBULENCE WHEN REVERSING OmER OF Two DIFFERENT MESH SCREENS 

- 

Run no. 

48 1 
482 
483 
484 
Av 

485 
48 6 
48'? 
488 
Av 

- -----T 

1 "' 
cref? 

m/sec ( f t /sec)  Remarks 
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TABLE VI.- EVALUATION OF TURBULENCE DUE To IjAMAGED SCREEN AND 

DAMAGED HONEYCOMB 

36 3 
364 
36 5 
366 
AV 

367 

(a )  Damaged and undamaged honeycomb 

15.6 (51.1) 
12.4 (40.8) 
9.3 (30.5) 
7.7 (25.4) 

15.6 (51.3) 

T 

I 

-- 

U '  

0.56 
.50 
.45 
.44 
.49 

0.49 
.47 
.41 
.36 
.43 

V '  

- 
1.67 
1 .51 
1.35 
1.32 
1.46 

- 
0.36 

.4c 

.39 

.38 

.38 

-- 

Y 3 

1.40 
1.27 
1.13 
1 . l l  

0.41 
.42 
.40 
.37 

Remar k s 

I 
I 

i 1- I 
I 
I I 
I 
I I 

I I 
I 
I ! H- 
I I 

I I I I I I El 
42M 2 h% 1, 3 IC' 

damaged honeycomb 
High-pass, 2-Hz, 

4 .!>l 2 6M 1 ' I  tlC 

High-pass, 2-Hz, 
undamaged honeycomb 

-- - 

(b)  Damaged and undamaged l a s t  s c reen  

783 15.3 (50.2) 0.97 
784 11.9 (39.2) .97 
785 9.1 (29.8) .94 
786 7.6 (24.8) .84 
A\' .93 

-- 
I I I  

I i l l  
I I I  

I I I I l l  
I I I I I I  

.93 

.90 3:y 3 b U  - 0 Y  -0" .iM 4'" 

.88 High-pass, 1 00-Hz, 

I ' l l 4  

damaged las t  screen 

787 15.0 (49.3) 

789 8.9 (29.3) 
790 1 7.5 (24.5) 

0.38 
1 .39 

.33 

.18 

.32 

0.43 
,44 
.50 
.25 
.41 

0.42 
.43 
.45 
.23 

I I I I I I  
I I I 1 I I t  
I I I 1 ' 1  
I I I I I I  
I I I I I I  
I I I I I 1  

4:y ,r,V. .'dU . ' JU  ti.'/# ,I% 

High-pass, 1 00-Hz , 
undamaged screen 
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wau VII.- COMPARISON OF TURBULENCE FOR HONEYCOMB AND SCREENS WHEN 

ONE SCREEN IS AGAINST HONEYCOMB AND WHEN SCREEN IS K T  AGAINST 

29 2 
293 
29 4 
295 
A v  

296 
29 7 

HOXEYCOMB (FIG. n\  

(a) Configuration A 

.40 
9.3 (30.4) . 3 8  
7.7 (25.3) .25 
6.2 (23.2) .26 

34 

15.7 ( 5 1 . 4 )  0.44 

12.4 (40 .6 )  

- 

12.5 ( 4 1  -0) .46 
i 298 9.3 (30.6) 

7.8 ( : 5 . 5 )  
300 6.2 (20.4) 

V '  

-- 
0.28 

.29 

.21 

.16 

.12 

.21 

3.24 
.21 

--.- 

.38 

.26 

.29 

. I 2  

.03 

.05 

.13 

-.-.- -- 
0.33 

.33 

.28 

.19 

.18 
26 

~~ 

0.32 
.32 
.24 
.1F 
.17 
.24 

Remar k s 

I l l  1 I 
4- 

High pass, 2 Hz 
I_ 

I l l  I 
I l l  I 

I 
I l l  I -- 

I * * 2 ,  

High pass, 2 HZ , 
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TABLE V I 1  .- Continued 

3 20 

(b) Configuration B 

15.7 (51.6) 

.44 

.33 

.30 

.39 

.45 

.40 
-32 
.41 

U' V '  Remarks 

1 

.43 

0.48 0.40 
.SO f .32 
.45 .32 
.39 .29 
-41 .24 
.4S .31 

0.40 
-40  I I  
-34  I t  - 30 -- 
.27 
.34 High pass, 2 Hz 

<.' . ; ..-I 
7 .  

i 

I I  

.37 I I  

.33 

.31 

.37 

0.43 
- 39 I t  

. .. 

(c) configuration C 

-- 
I------ 
;("'I2 + 2 ( v ' ) 2  
ii 
V 3 

0.50 
.44 
.37 
.36 
.42 

i f I 

iiematks 

I 

High pass, 2 Kz 

I 
I 
I 
I 

High pass, 2 Hz , 

-I_ 

I I 
1 

15.5 (51 -0) 0.56 ' 0.46 
12.4 (40.7) .S4 i .38 

349 I 7.7 (25 .4)  .41 ' .33 
Av 1 .50 .37 

9.3 (30 .5 )  -47  ' -31 
::7" j 
348 

f 

15.6 (51.11 ~ 0.50 
I 352 I 12.4 (40.8) .46 
I 355 j 9 .3  (30.6) I .41 1 .3: 1 7.7 (25 .4)  

-- 
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TABLE VI1.- Concluded 

i 
U' "ref 

I 

(d) Configuration D 

1 ii-7 ( d ) 2  + 2 ( v ' ) = j  i Remarks 
V' 

375 ! 15.6 (51.1) 

9.3 (30.5) 
376 j 12.4 (40.8) 

0.46 
.48 
-42 

.42 

.37 
I _. t i .  

. .. .40 I -.. 

.40 I High pass, 2 Hz 
I 

(e) Configuration E 

380 1 lf.5 (50.9) 10.52 
381 1 12.4 (40.6) .48 

I 
I 
I 

0.52 1 0.52 
.53 1 .51 

27 

746 
747 
748 

I i --- 
m/sec ( f t/sec) 

15.0 (49.4) 
12.0 (39.4) I 

I i I  

' I  

0.55 
I .52 

9.0 (29.6)  -55 1 - 5 0  1 .52 
.46 

10.59 ! 0.52 ' 
' 1 .54 j .52 1 

. '  I 749 7.6 (24.9) .56 1 .41 I 
hv i .56 1 .49 .51 

75G 15.1 (49.6)  0.513 
751 12.0 (39.4) .54 

.53 

.53 

752 1 9.0 (29.5) 
7.5 (24.7) 

I High pass, 100 Hz 

I I  

I I '  

High pass, 100 Hz I 

.63 1 .38 1 .48 
I .66 f .45 

- 1 - 1 - - A .  



TABLE VII1.- Q)MPARIsoN OF TURBULENCE REWCTIOK FOR RONE- 

!8.6 (61.0) 
15.4 (50.7) 
12.3 (40.51 

Run no. 

1 - 2 5  
1 - 1 3  
1 - 0 5  

251 
25 2 
253 
254 
255 
A v  

26 2 
26 3 
264 
26 5 
266 
A v  

225 
226 
227 
228 
230 
AV 

AT 45O AND 90° TO MEAN FLQW 

U' 
Ure f * 

m,'sec ( f t / sec )  V' 

-- 
0.95 
1.06 
1 . 0 2  

.88 

.67 

.P2 

1.19 
1.20 
1.07 

.95 

.83 
1 .05 

0.27 
.52 
.31 
.36 
-38 
.37 

Remarks 
3 

I - 1 
I I  

1.!@ 

1.13 I t  i 
1.06 

.94 

.81 

--c 

! - 

i High pass, 2 Hz 

1.27 
1.22 
1.10 
1.01 

.91 
~ --c 

1 
j High pass, 2 Hz 
I 

0.69 
.75 
.63 
.60 
.55 

1 f f  I I I  
I I  

..c- L 

High pass,  2 Hz 
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TABS 1X.- MEASURED TURBULENCE FOR VARIOUS CELL SIZES 

WHaJ OPERATING WITH D I F F E W T  SCREEN COMBINATIONS (FIG. 10) 

Run no. "ref * 

Av 

489 
49 0 

493 I 15.1 (49.7) 
494 I 12.2 (39.9) 
495 9.0 (29.6) 
496 ~ 7.6 (24.8) 

15.2 (50.0) 
12.6 (41 . 5 )  

(a) Screen configuration A 

U' 

0.51 
.49 
.46 
.45 
.48 

0.53 
.48 
.46 
.35 
.45 

0.51 
.49 
-48  
.36 

Av , .46 
__t__ 

4 98 15.2 (49.8) ' 0.54 
499 12.5 (41 .0)  1 -48  
so0 10.0 (32.7) 1 - 4 6  
501 7.6 (24 .8)  1 -34 

' Av i -45  

j 502 15.1 (49.7) 10.48 

SO4 9.3 (30 .4)  1 .44 
' 505 ~ 7.4 (24 .2 )  I .32 i Av I I ' -42  

503 12.3 (40 .4)  i e45 

V' 

0.72 
.70 
.63 
.65 
.68 

0.30 
.21 
.15 
.15 
.20 

0.20 
.20 
.13 
. I 4  
.17 

0.19 
.20 
.21 
.10 
.18 

0.19 
.20 
.15 
.14 
. I 7  

v 3 

0.66 
.64 
.58 
.59 
.62 

0.40 
.32 
.29 
.23 
.31 

0.33 
.33 
.30 
.23 
.30 

0.35 
.32 
.31 
* 21 
.30 

0.32 
.30 
.28 
.22 
.28 

Remarks 

I "  I 
1 1 1  I C -  
1 1 1  I 
1 1 1  I 
.-c-2- 

42!4 
High-pass, 2%: I 

without honeycomb 
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TABLE 1X.- Continued 

(b) Screen configuratian B 

0.80 
.74 
.68 
.67 

I 

I 

' -46  I 

I 568 15.3 (50.1) 0.60 10.27 

.59 ' -34 
569 12.4 (40.7) .56 ' .17 ; 

i 570 9.9 (32.6) 
1 571 7.8 (25.6) , 

A v  .56 .31 I 

0.42 
.35 
.44 
.47 
.42 

i 572 15.4 (50.7) , 0.45 0.33 i 0.37 

I 
' 574 9.5 (31 .3)  .42 .33 I .36 

.26 1 575 7.6 (24.83 .28 
A v  .38 

t-- 

573 12.4 (40.7) .38 .39 I .39 

1 :;;i .34 
I 
1 

I 

i 576 15.7 (51 - 4 )  0.48 0.32 1 
577 12.8 (41  . 9 )  .49 .28 1 
578 9.7 (31 - 7 )  .46 .35 1 
579 7.9 (25.8)  .37 .32 

I AV .45 -321 

0.38 
.36 
.39 
.34 
.37 

58 0 15.4 (50.4)  0.46 0 .48 '  0.48 
581 12.7 (41 .6)  .46 .SO 1 .49 
56 2 9.7  (31 .9)  .44 .51 1 .49 

.48  
A v  .43 -51 j .48 
583 7.7 ( 2 5 . 4 )  . 3 7 ,  ,531 

Remarks I 
I I t 
I I -  
I I 
I I 

4 2 '.I ;c>:.: 
High pass ,  100 Hz 

I 
I 
I 
I i- 

.t .( i 1; . >.. *.. 

High pass, 100 Hz 

. "  1-1 
I I 
I I 
I I 
I I . .. 

High pass, 100 Hz]  

B-I I I 
I I 
I I 
I I . ' :/.i HC . .. 

High pass ,  100 Hz 
I 

I I 
I I 
I I 
I I 

High pass ,  100 Hz 1 
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Run no. 

_.I 

135 
136 
137 
138 
139 
Av 

21 9 
220 
221 
222 
224 
AV 

225 
226 
227 
228 
230 
A v  

232 
233 
234 
235 
2 36 
A v  

246 
24 7 
248 
249 
2 50 
A v  

TAB12 1X.- Concluded 

(c) Screen configuration C 

21.8 (71 .6) 
18.6 (61 .2) 
15.5 (50.9) 
12.4 (40.6) 
9.3 (30.4) 

- 
21.6 (70.9) 
18.4 (60.5) 
15.3 (50.3) 
12.2 (40.2) 
9.2 (30.1) 

21 .6 (70.9) 

15.4 (50.4) 
12.2 (49.2) 
9.2 t30.1) 

18.5 (60.6) 

21 .6 (71 .O) 
18.5 (60.7) 
15.4 (50.5) 
12.3 (40.3) 
9.2 (30.2) 

21.6 (70.9) 
18.4 (60.5) 
15.3 (50.3) 
12.2 (40.2) 
9.2 (30.1) 

' u' 

1.28 
1.26 
1.09 
1.04 
.91 

1.12 

1.22 
1.06 
.99 
.92 
.87 

1.01 

1.14 
1.08 
1 .oo 

I90 
.79 
.98 

1.14 
1.08 
1 .oo 
.95 
.78 

V' 

1.41 
1.35 
1.40 
1.35 
1.36 
1.37 

0.56 
.64 
.49 
.47 
.28 
.49 

0.27 
.52 
.31 
.36 
.38 
.37 

0.54 
.94 
.40 

- 

~ ~ 

1.37 
1.32 
1.30 
1.26 
1.23 

0.84 
.80 
.70 
-66 
-55 

Remar k s 

-. - - 
I I 
I I -  
I I 

I I . ,.. ... . . . 1.. +-:. 

High pass, 2 Hz 
_ -  

I 
1 
I 
I . .. 

, Hig.. pass, 2 Hz 
- 

1 
I 1  

-63 , I  I I I I 14i 
I 

0.69 
. 75  

.60 - i  I 
-55 I *  

, High pass, 2 Hz 1 

0.76 
.99 
.66 

.34 ~ -61 

.43 ' .57 

I 
I 
I 
I 

I *  
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SUPPORT STRUCTURES (FIG. 12) 

Run no- 

1 

Remar k s "ref, 
Wsec (ft/sec) 

L 

499 12.5 (41 .O) 
500 1 10.0 (32.7) .31 1 1 1  

14.6 (48.0) 
12.1 (39.6) 

9.3 (30.4)  
7.6 (25.0) 

14.9 (48.9) 
12.1 (39.6) 

9.7 (31.9) 
7.5 (24.7) 

I 
7.6 (24.8) .21 ' % 36M 1 /4  HC 

Av .30 1 High pass, 2 Hz 

0.56 
.52 
.53 
.43  
.51 

0.55 
.53 
.54 
.45 
.52 

506 
507 
508 
509 
Av 

51 0 
51 1 
51 2 
51 3 
Av 

51 4 
51 5 
51 6 
51 7 
Av 

0.26 
.27 
.27 
.23 
.26 

(b) configuration A with honeycomb support 

0.38 
.38 
.28 
.32 
.37 

14.9 (49.0) 
12.1 (39.7) 

9.2 (30.1) 
7.5 (24 .6)  

0.50 
.47 
.50 
.37 
.46 

~~~~ 

0.44 
-41 
.40 
.38 
.40 

608 14.9 (48 .9)  0.39 0.14 0.25 

0.48 
.45 
.45 
.40 
.44 

I I 1  I I 

I I I  I 1  
609 I 12.1 (39.7) , .38 ' .12 
610 1 9.0 (29.5) .30 .09 
611 1 7.6 (24.9) . I 8  1 .ll 
Av ~ 1 .31 I .12 

0.39 
.40 
.41 
.39 
.39 

24 r I  
I 1  .19 

.14 jG:.: 3 G :  1 3 tiC 

pass, 100 Hz 

0.43 
.42 
. 4 4  
38 

.42  

(fig. l l ( a ) )  -7. 1;'4 tic 

I l l  - 
42y 36>1 Vane s'JFport 
High pass, 2 Hz; both hot 

wires 2.54 cm off Q 
I 

. .  
--c 

4 2 3  3631 Vane support  
High pass, 2 Hz; cross 
wire on Q; single wire 
5.08 an off center 

. -  - 
42Y Var:e supl 'or t  
High pass, 2 Hz; single 

wire on Q; cross wire 
5.08 cm off center 

r--- 
(c) Configuration B without honeycomb support 
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TABLE X.- Concluded 

T 

Remarks 
I 

(d) Configuration B with honeycomb support (fig. 11 (b)) 

0.35 
.37 
.33 

-- 
61 2 
61 3 
61 4 
61 5 
AV 

, i I  I 

* - 4  r t  
gi I 1 

616 
61 7 
61 8 
61 9 
A v  

627 

14.9 (48.8) 
12.0 (39.3) 
8.9 (29.2) 
7.5 (24.5) 

I l l  I I -- 
High pass, 100 Hz 

9.0 (29.4) .41 
7.6 (24.9) .42 .38 1 .39 

.18 
.38 I .26 - 

.15 

I 

i High pass, 100 Hz 1 

1 High pass, 100 Hz 

(e) Configuration B with honeycolab screen support 

7.5 (24.7) .17 

(f) Configuration C without honeycomb support 1 
I 

0.19 
.18 
.08 
.14 
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3 

a 

0 - 
.c 
L .- 

- 9  

L 
a2 

c 
0 
* 
0 
Q, 
v) 

I- 

L1 
h 

3 
-1 

w 
0 

Alquasse a y i p  u e j  
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8 Hot-wire probe 
1xI Microphone 
+ Pitot tube (reference tube) 

---Velocity rake survey 

( a )  Overal l  view. (b) General dimensions. 

Figure 2.-  Sketch of half-scale model used i n  turbulence reduction program. 

35 





Signal conditioner 
(amplifier, filter) 

I r -1 F M  tape recorwr 

(a)  Single-wire sensor. 

I Signal conditioner I (amplifier. filter) 
Signal conditbnlir 

amplifier, filter) 

volts 

Turbulence 
p roces 50 r 

I 
I 

Switch 

Oscilloscope 

A + B  A - B  I 
I 

I+ 
I j i  j 

FM tape recorder 

(b) Cross-wire sensors. 

I 

Figure 4.-  Bot-wire c i r c u i t  diagram. 
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h c t  top wall r 
0 
0 

0 
0 

0 

0 
0 
0 
0 
0 

0 

0 
0 
0 
0 
0 

0 

0 

0 

0 

0 
0 
0 
0 

0 

0 

0 

0 

0 

0 

0 
0 

0 - 
Duct bottom wall 

0 10 m/sec 15 20 25 

0 10 20 30 40 50 60 70 80 
Duct speed, ft,/sec 

I L-L-2 I 

(a )  Ver t i ca l  v e l o c i t y  survey along c e n t e r l i n e  of duct .  

Figure 5 . -  V e r t i c a l  and l a t e r a l  v e l o c i t y  survey through horizontal  and 
v e r t i c a l  t x n t e r l i n e  of duct. Survey s t a t i o n  is  4 3 . 2  cm (17  in.) down- 
s t r e m  of t r a i l i n g  edge of 45O vanes on duct c e n t e r l i n e .  
represent  various reference  speeds. 

Symbols 
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Duct right wall looking upstream . 
0 n 

O Q  n 
0 
0 
0 

0 
0 
0 
0 
0 

0 

0 
0 
0 

0 

0 

0 
0 
0 

0 
0 

0 

0 
0 

0 

0 

C 

0 

0 

0 

0 

0 
0 

a tr 
n n 
n is 

a b 
a b 
a Q 
o n 
a b 
n b  

n D 
a D 

n a 
a 5 
3 b 

.D a 
n a 

h 0 J 

n 2 
n C l  

n b 
n a 

a n  
0 n 
c\ D 

n Is 
a n  

13 a 
n fs 

a 
o n  

n n 

r l h  A a 0  
h b 0 0  
h a 0 0  

5 A a 0  
b A 0 0  0 
h A 0 0  o 
II A 0 0 0  

fi a 0110 n A 0 0  0 
h c? Q O Q  
h A  c 00 
h A 0 0 0  
h A 0 0 0  

I l A  0 0  0 
!A A O C O  

b n 0 0 0  
b A 0 0 0  n A 0 D O  

b A  U @ O  
b A 0 0 0  
h A  O n  0 
D A 0 0  o 

tl A 0 0  0 
0 A 0 0  0 
b n  o r l o  

D L 3  o w  
L A o m  
b A O a  0 

n 0 0  0 
6 0  0 

D 
h L A  

n A 0 0  0 

0 A o m  

n 

h A 0 0 0  

I- 
Duct left wall looking upstream 

I I I i I 1 

0 10 20 30 40 50 60 70 30 
Duct speed, ft/sec 

P 10 m/sec 25 
i 5 1  - 1 L: 

,o) Lateral velocity survey along centerline of duct. 

Figure 5.- Concluded. 
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Ruct top wal) 

A 
A 
A 

A 
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12 14 16 18 
L :  1 
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13 
D 
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n 
0 
0 
n 
0 
0 
c3 
0 

0 
=I 
U 

0 

(3 
5 
0 
a 
0 
0 

0 

a 
a 

o 

Qmey station m (inches) 
0 .442 (17) 

0 2.261 (89 
A 3.271 (129) 

0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 

3 
0 

0 

0 
0 

0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

0 

0 
0 
0 

0 

L- 
I I 

12 14 16 18 Duct botton1 wall 
illr 

40 50 60 12 14 16 i a  - 60 m’sec L J  1 1 1 
12 14 16 ia 40 50 

40 50 60 - 
40 50 60 

Duct speed, ft/sec 

(a )  Vertical v e l o c i t y  survey along c e n t e r l i n e  of duct. 

Figure 6 . -  Vertical  and l a t e r a l  v e l o c i t y  survey through horizontal  and 
wxtical c e n t e r l i n e  of duct. 
stre- of t r a i l i n g  edge of 4S0 vanes on duct center l ine .  

Survey station noted is distance  darn- 
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Duel right wall looking upstream 

A 
A 
h 
A 
A 

A 
A 
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A 
A 
A 
A 
A 
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A 
A 
A 
A 
A 
A 
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14 16 
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0 .4$2 17 
J 1.397 [!SI 
02.261 (89 
A3.277 (129) 

0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 

0 
0 
0 
0 
0 

0 
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I- 

- 
4c- 

- 

--I 
18 
u 
12 14 16 18 

40 50 60 
--I 

40 50 60 
Duct speed, ft, sec 

(b) Lateral velocity along centerline of duct. 

?igure 6.- Concluikd. 
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1.2 

1.1 

I .o 

.9 

.8 

.7 

0 

0 

Component of turbulence 

0 u' 

0 v' 

0 

0 

0 0 
D 

0 .6 L 

Figure 9 . -  Canparison of screen  i n  Contact with downstream edge of honeycanb 
and same screen downstream of honeycomb t r a i l i n g  edge. 
table V I I .  

Data taken fraa 
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n n 

1 /18 HC 1/8 HC 114 HC 3/8 HC 

Honeycomb ceil size 

Figure 10.- Evaluation of average (over speed range)  turbulence reduction 
for  d i f f e r e n t  honeycaab s i z e s .  Boneycaab c e l l - l e n g t h  to ce l l -width  
r a t i o  between 6 and 8.  Data fran t a b l e  IX. 
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Cross section of full- 
scale tunnel 

Flow 
____L 

Section A-A 

(a) Support conf igurat ion  A. (See table X(b) . )  

Figure 11.-  S k e t a  of various honeycomb supprt  techniques investigated. 
F u l l - s c a l e  wind tunnel is 10.97 m (36 f t )  in diameter. 
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Flow 

Cross section of full- 
scale tunnel 

Honey comb f 

LJ Sect ion A-A H 
(b)  Support conf igurat ion B .  (See table x(d) . )  

posts 

Figure 1 1  .- Concluded. 
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